This paper outlines the results of experimental study of the dynamic rock failure based on the comparison of dry and saturated limestone samples obtained during the dynamic compression and split tests. The tests were performed using the Kolsky method and its modifications for dynamic splitting. The mechanical data (e.g. strength, time and energy characteristics) of this material at high strain rates are obtained. It is shown that these characteristics are sensitive to the strain rate. A unified interpretation of these rate effects, based on the structuraletemporal approach, is hereby presented. It is demonstrated that the temporal dependence of the dynamic compressive and split tensile strengths of dry and saturated limestone samples can be predicted by the incubation time criterion. Previously discovered possibilities to optimize (minimize) the energy input for the failure process is discussed in connection with industrial rock failure processes. It is shown that the optimal energy input value associated with critical load, which is required to initialize failure in the rock media, strongly depends on the incubation time and the impact duration. The optimal load shapes, which minimize the momentum for a single failure impact, are demonstrated. Through this investigation, a possible approach to reduce the specific energy required for rock cutting by means of high-frequency vibrations is also discussed.
Introduction
The rock mining and their further processing usually involve excavation, drilling, blasting, etc. Current technologies allow speeding up the process by increasing the mining equipment power. However, such a straightforward power increase might also lead to the increase in operational expenditures and eventually increased production costs unless the processes of deformation and failure of rocks are properly understood.
Normally, rock mining equipment is designed or selected on the basis of years' practical experience in the area of certain expertise(s) and/or based on the quasi-static laboratory analysis of core samples. There are a number of standards for rock testing under the slow loading rates. However, mining and processing of rocks are always performed under dynamic loading.
Recent developments in the state-of-the-art dynamic testing techniques and dynamic mechanical behavior of rock materials are given in Zhang and Zhao (2014) and Xia and Yao (2015) . It is well-known that the common limit characteristics of material strength depend on the history and the type of loading. For instance, studies of samples such as metals, concrete, polymers and rocks demonstrate significant variations in strength as strain rate increases (Antoun et al., 2003; Bratov et al., 2009; Zhang and Zhao, 2014) . A critical stress in statics can be considered as a material constant, while a critical stress in dynamics is quite unstable and can vary by one order of magnitude from the static value.
This paper discusses the results of a new method to study the dynamic strength of rocks based on dry and fully saturated limestone samples. Limestone is a sedimentary rock composed mainly of calcium carbonate (90%e99%) and it is widely used as filler for cement and road cladding in building industry as well as in other industries as a source of calcium.
Unfortunately, there exists a very limited amount of data regarding the dynamic behavior of limestone (see e.g. Furnish, 1994; Grange et al., 2008; Demirdag et al., 2010; Tahir et al., 2011; Richard et al., 2015) . The majority of the publications are focused on empirical relations with the material strength and do not take into account the effects and characteristics of dynamic failure such as growth of critical stresses for the increased strain rate, threshold load, failure time, and change in the dominant strength between the two materials (Petrov et al., 2010 . This could be due to the complexity of the tests or the absence of sufficient data on mechanical characteristics of limestone (e.g. during blasting in quarries). We assumed that the knowledge on dynamic failure of limestone is important for at least the following two reasons. Firstly, limestone is often used as a compound in production of concrete and similar media, and its mechanical properties can have an effect on the properties of the entire composite or on the entire structure. Secondly, knowledge on the dynamic failure of limestone could help define the process of its destruction with a minimal specific energy.
The investigations into the dynamic strength of limestone have been carried out using the Kolsky scheme (Kolsky, 1949; Gray, 2000) as well as the Brazilian test (Carneiro and Barcellos, 1983; Wang et al., 2006) . The obtained results are discussed on the basis of the incubation time concept (Petrov and Utkin, 1989; Petrov and Morozov, 1994; Petrov et al., 2003) .
The incubation time criterion allows modeling various effects of the dynamic failure, which are observed in the tests (Petrov et al., 2010 . The detailed information concerning the application of the incubation time approach to study the strength of rocks can be found in Smirnov et al. (2012) and Petrov (2013) . According to this approach, the incubation time and the static critical stress of the material represent a set of the materials characteristics, thus enabling the calculation of the critical stresses for a wide range of the strain rates. In this case, the incubation time is considered as the dynamic strength but not the critical strength.
Description of the tests
To study the dynamic properties of limestone, a set-up based on split Hopkinson pressure bar (SHPB) was employed (Hopkinson, 1914; Davies, 1948) . For uniaxial compression tests, a classical Kolsky scheme was used (Kolsky, 1949 (Kolsky, , 1963 . For tensile testing, the Brazilian test scheme was used (Carneiro and Barcellos, 1983; Rodriguez et al., 1994) . The test schemes are shown in Fig. 1 . The details of the SHPB modifications and application can be found in recent reviews (Zhang and Zhao, 2014; Xia and Yao, 2015) .
The SHPB set-up consists of a pneumatic loading device (i.e. a gas gun) with a control system, a data-acquisition system and a replaceable set of measuring bars. The pulses of deformation of the incident bar (incident pulse 3 I (t) and reflected pulse 3 R (t)) and the transmitter bar (transmitted pulse 3 T (t)) were measured using strain gages glued to the lateral surfaces of the bars. The signals from the strain gages were captured on a multichannel computer measuring system. The recorded pulses were processed in accordance with the formulae for the calculation of the mechanical characteristics by the system software.
Formulae for calculation of mechanical characteristics from the pulses of deformation of the measuring bars in the case of dynamic compression test take the following form: 
where D s is the diameter of the specimen in the SHPB test.
In the set-up, aluminum rods (duralumin D16, longitudinal rod wave speed c r ¼ 5010 m/s) with the diameter of 20 mm were used . Samples were produced from cores supplied by a Belgian company Tuytelaers NV. This material is referred by them as Euville. It has the density of r ¼ 2252 kg/m 3 and the longitudinal sound velocity of c ¼ 4530 m/s for the dry condition, and the density of r ¼ 2334 kg/m 3 and the longitudinal sound velocity of c ¼ 4832 m/s for the water-saturated condition. The samples had a cylindrical shape with the diameter of 19.5 mm and length of 14.5 mm. To prepare the water saturated samples, the dry samples were half-submerged in water to become saturated through the capillary effect. After that, they were kept fully submerged during 30 d. The weight of samples dried in an oven was 3.6% less than the weight of the samples after saturation.
Here, the "fully saturated" means saturation of a sample throughout the volume. The saturation uniformity is well observed on the fracture surface of the samples at splitting test (Fig. 2) . Also, we assume that the sample can no longer absorb water due to prolonged submersion. The prolonged submersion period is not connected with any of the requirements. This period was connected with some technical problems encountered during testing.
Dynamic compression tests were performed on 17 dry and 14 saturated limestone samples. Dynamic split tests were performed on 11 dry and 10 saturated limestone samples.
Quasi-static tests were carried out using standard equipment with a capturing speed of 1 mm/min. Results of these measurements are listed in Table 1 . Due to the features of the dynamic failure test, the diameter-to-length ratio of our samples is different from the common ratios required for the static uniaxial Fig. 1 . Test schemes. F is the force and s t is the tensile stress. compression test of American Society for Testing and Materials (ASTM) for which longer cylinders are used. Following the ASTM standard, for which longer cylinders are to be selected, static values would become nearly twice as large due to the larger size of samples. But since the larger samples cannot be used in Kolsky scheme for the dynamic testing, the tests are always performed both statically and dynamically for the same-sized samples.
It should be noted that in all tests, it was assumed that the failure starts at maximum stress in a sample, i.e. the failure corresponds to the first peak on a stress diagram. Post-peak processes are not considered in this work.
Failure criterion
The failure criterion is based on the incubation time concept proposed in Petrov and Utkin (1989) , Petrov and Morozov (1994) , Petrov et al. (2003) , and makes it possible to predict the unstable behavior of the dynamic strength characteristics observed in the tests on the dynamic failure of solids. The failure criterion can be written in the general form:
where s is the incubation time of failure, t 0 is the variable of time under the integral, F c is the static limit of the local force field, and a is the sensitivity of the material to the intensity of the force field.
The incubation time s is associated with dynamics of the relaxation processes preceding the failure and characterizes the strain (stress) rate sensitivity of the material. The time to failure, t*, is defined as the time at which equality is reached in Eq. (3).
Parameter a characterizes the sensitivity of the material to the intensity (amplitude) of the force field causing the failure (or structural transformation). Often, a ¼ 1 gives a good agreement with the test data. One of the possible ways to interpret and determine the parameter s proposed here is based on the example of the mechanical rupture of a material. Let us assume that a standard test sample is subjected to tension and it breaks into two parts under a stress P arising at a certain time t ¼ 0:
, where F(t) is the intensity of the local force field, and H(t) is the Heaviside step function. In the case of a quasi-brittle failure, the material would be unloaded, and the local stress at the break point would decrease rapidly (but not instantaneously) from P to 0. In this case, an unloading wave is generated, which propagates over the sample and can be detected by standard methods (e.g. using interferometry). The stress variation in the breaking point can be conditionally represented by the stress history s(t) ¼ P À Pf(t), where damage function f(t) varies from 0 to 1 (see Fig. 3 ) within a certain time interval T. The case F(t) ¼ H(t) corresponds to the classical strength theory. In other words, according to the classical approach, rupture occurs instantaneously (T ¼ 0). In practice, the rupture of a material (sample) is a process in time, and the function f(t) describes the micro-level kinetics of the transition from a conditionally defectfree state (f(0) ¼ 0) to a completely broken state at the given point f(t*) ¼ 1 that can be associated with the macro-failure event.
On the other hand, application of the failure criterion Eq. (3) to a macro-level situation (F(t) ¼ PH(t)) provides certain time to failure
In other words, the incubation time introduced above is equal to the duration of the failure process after the stress in the material has reached the static strength on the given scale level (Petrov et al., 2003) . This duration can be measured experimentally by static failure of the samples and controlling the rupturing process using different possible methods, e.g. by measuring the time of pressure increase in front of the unloading wave based on the recorded velocity profile of points (using interferometry) on the sample boundary. Next, we apply the general failure criterion Eq. (3) to two problems.
Dynamic uniaxial compression tests
The goal of dynamic uniaxial compression tests was to study the effect of the strain rate on maximal (critical) compressive stress in the sample. Figs. 4e8 summarize the obtained results of tests. To ensure the validity of results obtained from the SHPB tests on brittle and quasi-brittle materials, the special test conditions should be complied with stress equilibrium, negligible friction and inertia effects (Zhang and Zhao, 2014) . In the present study, the transit time of a wave through the sample is small in comparison with the duration of the loading pulse, so that the forces acting on the sample from the incident and transmitter bars are equal (Fig. 4) . The sample is thus in a state of dynamic stress equilibrium.
Equilibrium of the stresses in the sample occurs if the loading time of interest is long in comparison with the sample characteristic time t s ¼ L s /c s , where c s is the longitudinal wave speed in the sample (Davies and Hunter, 1963; Lindholm, 1971; Ravichandran and Subhash, 1994) . In this SHPB test, the sample characteristic time is 3.2 ms for the dry limestone and 3 ms for the saturated limestone. These values are five times less than the minimum time before failure (17 ms).
The strain varies nearly linearly with time so that acceleration of the axial strain is negligible (Fig. 5) . Also, the slenderness ratio of the compression sample was about 0.74. Therefore, it can be assumed that an inertial confinement effect is negligible Zhang et al., 2009) .
To obtain the actual dynamic compressive response of rocks, the bar/sample interfaces were sufficiently lubricated by graphite grease.
Based on the above discussion, it can be argued that the observed dynamic strength enhancement in compression can be regarded as a real material response to the strain rate.
Typical stress diagrams for different impact speeds of the projectile (i.e. strain rates) are shown in Fig. 6 . Initial parts of the graphs correspond to the growth of stresses and deformations (Fig. 6b) . When stress in the sample reaches the critical value s*, the sample quickly starts to break due to the formation of micro-and macro-cracks, which leads to significant reduction of stresses and further increase of deformation. One can see that dry samples are 20%e30% tougher than the saturated samples.
Variation of the critical stresses for the increased strain rate is shown in Fig. 7 . Despite the scattering of data (because the limestone has many natural defects), one can surely conclude that critical stresses grow as the strain rate increases, while the failure time decreases.
Also, it shows that failure of samples starts in the interval of the strain rates of 100e150 s
À1
. This means that there exists a threshold speed that leads to the failure of samples. Using the threshold characteristics, one could minimize the specific energy required to destroy the rock.
The observed time dependence of strength can be predicted on a basis of the incubation time criterion (Eq. (3) Calculations for the Kolsky and Brazilian tests were presented in Bragov et al. (2013) . To make it clear for the reader, a brief description of the calculation method is shown below.
From the well-known formulae from the strength of materials, we can obtain a fairly simple relation to calculate the rate dependence of critical stress. These formulae allow the determination of values of critical stress for given character of loading and sample geometry without resorting to lengthy and laborious calculations. In our case, a simple analytical dependence of rate of the critical stress can be obtained in the following manner. According to Fig. 6 , an increase in the compressive stress with the strain rate growth can be assumed to be linear until it reaches the maximum value, so that we have
where _ s is the stress rate, and _ 3 is the strain rate. We substitute Eq. (5) into the stress criterion (Eq. (4)) and find the following expression for the critical stress: It is clear that the experimental values of the studied parameters can be deviated from this simple dependence as a result of the scattering. Moreover, Eq. (6) is suitable only for the case when failure occurs at the growth stage of the stress in the sample. In the case of threshold loads, failure can occur at the "horizontal" stage of the stress in the sample. In this case, numerical simulation is more appropriate. Let us consider how Eq. (4) or Eq. (6) will match the experimental data.
Static compressive strength has been obtained in quasi-static tests (Table 1) . Dynamic elastic modulus E was determined using the experimental s-3 diagrams and it equals (10.9 AE 3.7) GPa for the dry limestone and (8.2 AE 2.8) GPa for the saturated one. The strain rate _ 3 was determined as a ratio of the deformation to the moment of time, when the failure occurred (the failure time).
The incubation time of failure was determined semi-empirically using the nonlinear approximation via the LevenbergeMarquardt algorithm, which can be considered as a combination of Newton's method with a gradient descent method. Parameter s was selected in such a way that theoretical curve (Eq. (6)) fits the experimental points with a minimal deviation. Thus, we have obtained incubation time for the compression failure of (47.3 AE 5.6) ms for the dry limestone and (74.5 AE 10.4) ms for the saturated one. One can see from Fig. 7 that critical stresses grow as the strain rate increases within the interval w100 s À1 _ 3 w500 s À1 and such a behavior can be modeled quite well using the incubation time criterion. Fig. 9 shows a comparison of the results of calculations for the dry limestone and mortar at different strain rate ranges. The results for mortar were obtained by Grote et al. (2001) in SHPB tests and plate impact tests. It is seen that Eq. (4) can be applied to other materials and different strain rate ranges.
Dynamic split tests
The dynamic split tests or the Brazilian test were carried out to determine the effect of the projectile speed on critical tensile stresses produced in dry and saturated limestone samples. Note that such a scheme of loading represents an indirect method to As in the case of dynamic compression, dynamic splitting tests of brittle and quasi-brittle materials should satisfy the equilibrium condition of stress in a sample and failure should be produced in a predictable manner (Rodriguez et al., 1994; Zhang and Zhao, 2014) . As seen in Fig. 10 , the forces acting on the sample from the incident and transmitter bars are in equilibrium. Fig. 11 shows the fractured sample with even split along the diametric plane. Thereby, it can be argued that the results of the dynamic split tests are valid, and the observed dynamic strength enhancement can be regarded as a real material response to the stress rate. Fig. 13 shows a variation of the critical tensile stresses and time to failure as functions of the stress rate. One can surely say that critical stresses grow and time to failure declines as the stress rate increases.
The critical tensile stress in the dynamic split tests was predicted on the basis of the incubation time criterion, which in this case takes the following form (Petrov, By analogy with compression tests, we obtain an expression for the maximum stress (Bragov et al., 2013) :
Static strength was determined in quasi-static tests (Table 1 ). The speed of growth of stresses was determined as a ratio of the critical tensile stress to the time to failure. The incubation time was determined analogously to the compression test and was found out to be s ¼ (40 AE 2.3) ms for the dry limestone and s ¼ (84 AE 6.4) ms for the saturated one.
Similar to the compression test, the beginning of failure occurs when stresses in the sample stop growing and start to decline. One can see from Fig. 12 that saturated limestone withstands the same critical stresses as the dry one. Tensile stresses in limestone increase when the velocity range is considered and can be calculated according to the incubation time criterion. It is interesting to note that the incubation time of limestone during the split is close to the time required for compression.
6. An application example: utilization of the incubation time approach for calculation of minimum energy required to optimize rocks processing
In this section, we give one of the simplest ways of using the above-mentioned notions to obtain some of the qualitative effects in rocks processing industry. All further considerations are extremely simplified in order to demonstrate one of the phenomena related to the possibility of optimizing the rock fracture process. We fully understand that real modeling of this phenomenon requires more thorough state of problem, but some of its qualitative features may be predicted by the following considerations. Since the rock mining and their subsequent processing usually use dynamic loads, it becomes interesting how can we define the dynamic strength of rocks on the basis of laboratory tests and simple calculation schemes. In the previous sections, two strength parameters are used. One of them characterizes material strength at sufficiently slow loading rates and has a dimension of stress. The other characterizes material strength under dynamic loads and has a dimension of time. The question arises as to how these two parameters can be used in calculations of real structures and industrial processes. In this section, the outline is as to how the incubation time concept could be applied to minimizing the specific energy required to break rocks based on limestone as an example.
Based on the solution to dynamic contact problem and definitions of the incubation time and a "quant" of the incubation, it was shown in Bratov et al. (2004) , Petrov et al. (2011) and Volkov et al. (2011) that the minimum energy, which should be supplied to the cutting tool to initiate the threshold failure pulse, strongly depends on a duration of this pulse. Let us show that a change in the loading regime of rock, associated with the reduction of the time of the impact, can lead to the energy reduction at a cutting tool.
The interaction of crushing and cutting tools with a rock can be modeled by solving the contact problem of an impact of a spherical particle of radius R and initial velocity V with a half-space (Hertz problem) (Johnson, 1987) . The solution to the Hertz problem for the failure pulse of stresses has the form (Gorbushin et al., 2013): s r ðV; R; tÞ ¼ s max ðV; RÞ ffiffiffiffiffiffiffiffiffiffiffiffi ffi
where s r (V,R,t) is the stress history in the Hertz problem, s max (V,R)
is the amplitude of the impulse of stresses in the Hertz problem, and t 0 is the impact duration. Let us substitute Eq. (9) into Eq. (7) and assume that the failure occurs when the equality in Eq. (7) takes place. If the particle velocity V has a threshold value, i.e. represents a minimum velocity, at which failure occurs, then the amplitude of the impulse of stresses s max (V,R) and the duration of the impact t 0 also have threshold values. The relation between s max (V,R) and t 0 could be obtained by solving Eq. (7).
Further, by considering the threshold speeds of the impact, it was shown in Petrov et al. (2011) kinetic energy of a particle depends on the duration of the failure pulse of the stresses (initiated by the impact of this particle):
where K is the kinetic energy, m is the particle mass, r is the particle density, and n is the Poisson's ratio. Fig. 15 shows the calculated dependency of the critical energy of a particle (i.e. cutting tool) required to break the limestone using the parameters determined during static and dynamic tests (s tensile c ¼ 1.7 MPa and s ¼ 84 ms for the saturated limestone, and s tensile c ¼ 3.57 MPa and s ¼ 40 ms for the dry limestone). The obtained dependency has a minimum, which confirms the existence of the optimal energy range required to break the material. This allows assuming that in many applications, which are related to the destruction of materials, the appropriate choice of power relations and temporal modes of the failure effects can lead to a significant reduction in energy consumption.
Note that, according to Eq. (10a), the kinetic energy can be varied by changing the density of the particle, r. In other words, variations of the mass and the volume of the particle lead to a variation of the energy. However, variation of its size would lead to a size variation of the damage area. Thus, the parameter r can be used to "control" the size of the affected area. It is hypothesized that the cutting speed is determined by the speed of the cutting tool that contains a series of teeth. Then the penetration linear speed of a single tooth into the rock will significantly affect the cutting process. However, in practical applications of excavation and crushing of rocks, the penetration speed of a single tooth is quite small (i.e. the duration of loading is much longer than the incubation time of failure) and, therefore, the failure mode of the material should be treated as static. Thus, to achieve the dynamic mode of failure, one should impose additional high-frequency vibration. Then in each cycle of the oscillation, the tooth will perform single impacts of short duration, which ultimately should lead to lower energy costs as can be predicted by the Hertz problem (Fig. 15 ).
For example, the incubation time of saturated limestone s is 84 ms. Then for a maximal reduction of the energy, one should impose vibrations with the frequency not less than f min ¼ 1/ 2s z 6 kHz. Since the duration of a single impact increases as the penetration speed increases (conditioned that vibrations and motion of a tooth are co-axial), then it is advised to use a frequency higher than f min .
Supposing that a cutting tool with the following set of parameters was realized in a certain way: frequency of additional vibrations f min ¼ 10 kHz, and amplitude of vibration l ¼ 20 mm.
Therefore, for a zero penetration speed of the tooth, the minimal time of the impact would be equal to the half-period of vibrations t 0min ¼ 1/2f z 50 ms, where f is the vibration frequency.
The critical speed of penetration W c will be determined by the continuity of a contact between the tooth and the material, which is being cut:
For the penetration speed, the effect of failure due to the vibration disappears since the penetration speed coincides with the velocity of vibrations and the tooth remains in the constant contact with the rock.
Assuming the linear dependence of the impact speed and the time of the impact, it is possible to obtain an expression for the duration of the contact:
where W is the speed of the tooth penetration. The work of the breaking force in this vibration process can be measured through the energy to failure. Then the average value of the destructive force F fr can be determined by the following formula:
where d is the characteristic linear size of the damage area, which is assumed to be equal to the amplitude of vibrations. Thus, by varying the density of indenter r and the parameter d, one can vary the damage area. Now by combining Eqs. (7), (9), (10), (12) and (13), it is possible to plot the energy of failure against the velocity (Fig. 16) . The calculation was performed for the following set of parameters: r ¼ 10 À4 kg/m 3 and l ¼ 20 mm. In this particular case, the parameter r is a specific parameter that has the dimension of a density, which results from the Hertz problem (interaction of particle with a continuum), according to which the heavier point-like particle (lumped particle with a larger density) has a larger impact. The graphs in Fig. 16 show that the average level of the failure force depends strongly on the frequency of imposed vibrations. For high-frequency vibrations, it is energetically unfavorable to cut the particular material (fully saturated limestone) with very low velocities.
Let us substitute Eq. (11) into Eq. (12) to obtain the dependency of the impact duration to the vibration frequency:
Fig . 17 shows the dependency of the average failure strength, with respect to frequency of superimposed fluctuations. According to Fig. 17 , the cutting force could be reduced three times.
Finally, it is worth mentioning that all calculations described have been conducted for hypothetical values of cutting forces, velocities, vibration characteristics, etc. The absolute values and numbers that are denoted on the graphs cannot be directly applied to a real process. To derive correct qualitative associations for particular machines and cutting processes, additional investigations and experimental measurements should be performed that would provide us with proper data concerning particular technologies, various materials, constructions, and scales.
Conclusions
Dynamic compression tests were carried out for dry and saturated limestone samples using the Kolsky scheme. Also the dynamic split tests were performed according to the Brazilian test scheme. Analysis of the results shows a growth of the critical compressive stress with increase of the strain rate (up to w500 s
À1
). The value of the critical stress can exceed the critical value of the compressive stress under the static load about 8 times.
Results of the dynamic split test show an increase in critical tensile stress as the stress rate rises up to w300 GPa/s.
The observed failure effects can be predicted using the incubation time criterion and the obtained theoretical curves are in good agreement with the experimental data. The incubation times of failure (or dynamic strength of material) of dry and saturated limestone samples obtained in both tests are quite similar. However, the static compressive strength of the saturated limestone is 30% less than that for the dry one, while the dynamic compressive strength of the saturated limestone, expressed in terms of the incubation time, is 50% higher than that for the dry one. The static tensile strength of the saturated limestone is half the strength of the dry one, but its incubation time is over double of this amount.
Thus, in terms of the incubation time criterion, the saturation has the opposite effect on static and dynamic strengths. At the same time, it should be noted that critical stresses during the dynamic compression of the dry limestone is 30% higher than those for the saturated one. In the case of the dynamic split test, saturation of limestone has no influence on the critical stresses.
Theoretical calculations show that the application of additional vibrations can reduce cutting forces and hence reduce the energy consumption during the mining and processing of rocks. In this case, the positive effects of vibration on the failure process will occur only if the penetration speed of the cutting tool is less than the critical speed. This proposed model enables to quantify the reduction of the cutting forces for various systems of rock cutting.
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